
Natalizumab treatment is associated
with peripheral sequestration of
proinflammatory T cells
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ABSTRACT

Background: Natalizumab is an antibody directed against integrin �4 that reduces disease activ-
ity in patients with multiple sclerosis (MS) by blocking migration of T and B cells into the CNS. The
goal of this study was to characterize the effects of natalizumab treatment on cytokine produc-
tion and expression of activation markers, costimulatory molecules, and trafficking determinants
on CD4� and CD8� T cells.

Methods: In a longitudinal study, we investigated the expression of surface makers and cytokine
expression on peripheral blood lymphocytes from 28 patients with MS who started natalizumab
treatment and were followed for 1 year. A mixed effects model was used to compare pretreat-
ment to on-treatment measurements.

Results: The frequency of CD4� T cells producing interferon-�, tumor necrosis factor, and inter-
leukin (IL)-17 upon anti-CD3 stimulation increased 6 months after initiation of natalizumab treat-
ment and remained elevated throughout the follow-up. The frequency of CD4� T cells expressing
CD25, HLA-DR, and CCR6 ex vivo was increased at one or more time points during treatment.
Among CD8� T cells, the frequency of cells producing IL-2 and IL-17 after stimulation was in-
creased during natalizumab treatment, as was the frequency of CD8� T cells expressing CD58
and CCR5 ex vivo. The increase in the frequency of activated cells could not be replicated by in
vitro exposure to natalizumab.

Conclusion: Natalizumab treatment increases the percentage of activated leukocytes producing
proinflammatory cytokines in blood, presumably due to sequestration of activated cells in the
peripheral circulation. Neurology® 2009;72:1922–1930

GLOSSARY
AICD � activation-induced cell death; IFN � interferon; IL � interleukin; mAb � monoclonal antibody; MS � multiple sclero-
sis; PBMC � peripheral blood mononuclear cell; TGF � transforming growth factor; TNF � tumor necrosis factor.

Natalizumab is a humanized monoclonal antibody (mAb) against the �4 subunit of the �4�1
(VLA-4) and �4�7 integrins that was shown to reduce measures of disease activity and severity in
patients with relapsing-remitting multiple sclerosis (MS).1 The effects of natalizumab have largely
been attributed to inhibition of T-cell trafficking into the CNS due to its ability to block interac-
tions between VLA-4 on leukocytes and its ligand VCAM-1 on cerebral endothelial cells.2-4 How-
ever, cross-linking of VLA-4 using either VCAM-1 or the CS-1 region of fibronectin, an alternate
VLA-4 ligand, results in tyrosine phosphorylation and T-cell costimulation5 and it is likely that
integrin �4 initiates a number of immune processes, potentially leading to leukocyte activation and
differentiation. Interestingly, experiments in chronic-relapsing experimental autoimmune encepha-
lomyelitis, an animal model of MS, demonstrated that while blockade of VLA-4 prior to clinically
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overt disease inhibited the onset and severity of
disease, treatment during acute disease or in the
remission phase was associated with increased
antigen-specific T-cell proliferation and inter-
feron (IFN)-� secretion in peripheral lymph
nodes.6,7 Similarly, increased expression of
IFN-� and tumor necrosis factor (TNF) was ob-
served in total peripheral blood mononuclear
cells (PBMCs) from patients with MS treated
with natalizumab for 6 months.8 The full effects
of integrin �4 blockade are thus not fully under-
stood. The goal of this study was to characterize
the effects of natalizumab treatment on cytokine
production and expression of activation mark-

ers, costimulatory molecules, and trafficking de-
terminants on CD4� and CD8� T cells in a
cohort of 28 patients with MS beginning treat-
ment with natalizumab.

METHODS Patients. We followed 28 patients with relapsing-

remitting MS (19 women, 9 men; mean age 38.5 years, range: 22–

60), who started treatment with natalizumab (Tysabri�; Biogen

Idec Inc., Cambridge, MA; 300 mg IV every 4 weeks). Blood

was obtained before each infusion at 0, 1, 3, 6, and 12 months of

treatment. The median Expanded Disability Status Scale score at

study entry was 2.5 (range: 0–6) and the median disease dura-

tion was 5 years (range: 0–20). None of the patients was treated

with corticosteroids or any other immunomodulatory drugs dur-

ing natalizumab treatment. Nineteen patients had been on

immunomodulatory therapy during the 6-month interval pre-

Figure 1 Surface markers with changed expression on CD4� (A) or CD8� (B) T cells during
natalizumab treatment

Graph shows the frequency of T cells expressing the different markers before treatment and after 1 and 12 months of
treatment in 14 patients followed longitudinally. Box and whiskers plot showing median, 25th/75th percentile, and range. p
Values represent comparison between an individual time point and baseline using a mixed effects model. *p � 0.05– 0.005;
**p � 0.005– 0.0005; *****p � 0.00005.
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ceding initiation of natalizumab treatment with a minimum
washout period of 1 month (interferon-�, 12 patients, mean
washout period 1.7 months; glatiramer acetate, 7 patients, 2
months; mycophenolate mofetil, 2 patients, 2.5 months; dacli-
zumab, 1 patient, 3 months). Three patients discontinued natali-
zumab treatment due to allergic reactions. Blood was not
obtained at 13 of the visits. Staining for surface markers was
performed in 14 patients at 0, 1, and 12 months, while cytokine
expression was analyzed in all patients at each time point. Blood
was obtained from eight healthy donors (5 women, 3 men; mean
age 34.5 years, range: 21–50) for in vitro experiments. The study
was approved by the Institutional Review Board at the Brigham
and Women’s Hospital, Boston, MA, and all subjects provided
written informed consent.

Cell isolation and stimulation. PBMCs were isolated
through density centrifugation on Ficoll-Paque (GE Healthcare,
Chalfont St. Giles, UK) within 4 hours of blood collection.
Staining for flow cytometry was performed directly on fresh cells
ex vivo or after 16 hours stimulation with plate-bound anti-CD3
(1 �g/mL, clone UCHT1, BD Biosciences, San Jose, CA) and
anti-CD28 (1 �g/mL, clone 3D10, eBioscience, San Diego, CA)
mAbs. Excess PBMCs were cryopreserved in liquid nitrogen.

Staining for flow cytometry. A total of 105 naı̈ve or stimu-
lated PBMCs were stained with antibodies against surface markers
for 20 minutes at 4°C. Intracellular staining was performed for 30
minutes at 4°C in the presence of 0.1% saponin. The combinations
of antibodies used are specified in table e-1 on the Neurology® Web
site at www.neurology.org. Cells were acquired on a FACS Calibur
or an LSR II flow cytometer (BD Biosciences) and analyzed using
FlowJo version 8.4.3 (Tree Star). Isotype matched antibodies were
used for defining background fluorescence. The results are pre-
sented as percentage of cells expressing the various markers within
each leukocyte subset (CD4� or CD8� T cells). In order to mini-
mize potential temporal artifacts caused by the long time span of the
study, a rigorous quality control assessment was performed post hoc.
All samples were analyzed by one investigator at the end of the study

using stringent criteria for compensation and staining quality and all

data not fulfilling these criteria were excluded from final analysis.

The numbers listed in the results reflect the samples that passed the

quality control criteria and that were included in the analysis.

Cell sorting and real-time PCR. Frozen cells were thawed,

stained with CD4, sorted on a FACS Aria flow cytometric cell sorter

(BD Biosciences), and RNA isolated using Qiagen RNeasy micro

kit (Qiagen, Valenica, CA). Total RNA was converted to comple-

mentary DNA using Taqman reverse transcription reagents (Ap-

plied Biosystems, Carlsbad, CA). Quantitative PCR was performed
using a 7500 Fast Real-time PCR system (Applied Biosystems). All
primers and probes were obtained from Applied Biosystems and
used according to standard protocols. A comparative threshold cycle
(CT) value was normalized for each sample using the following for-
mula: �CT � CT(gene of interest) � CT(GAPDH), and the relative
expression calculated using the formula 2��CT.

In vitro proliferation assays. CD4� T cells were isolated
from PBMCs obtained from healthy donors by negative selec-
tion using magnetic beads (Miltenyi Biotech, Bergisch Glad-
bach, Germany) and stimulated with plate-bound anti-CD3
(clone OKT3, 1 �g/mL) for 72 hours in the presence of increas-
ing concentrations of natalizumab (Tysabri; 1, 15, 100 �g/mL)
or equal concentrations of purified human IgG4� (Sigma Al-
drich, St. Louis, MO). Cells were pulsed with 1 �Ci [3H]-
thymidine (PerkinElmer, Waltham, MA) for 16 hours and
incorporation of [3H]-thymidine was measured. A subset of
CD4� T cells was labeled with 5 �M CFSE (Sigma Aldrich)
prior to stimulation with anti-CD3. After 5 days, cells were
washed, stained with CD4 and 7-AAD (both from BD Bio-
sciences), and immediately acquired on a BD LSR II flow cytom-
eter. Activation-induced cell death (AICD) was calculated as
percent diving cells (CFSEdim) that bound 7-AAD. Production
of IFN-� in culture supernatants was measured using a standard
ELISA protocol (capture mAb: IFN-� clone 2G-1, 1 �g/mL;
detection mAb: biotinylated IFN-� clone B133.5, 0.5 �g/mL;
Pierce Biotechnology, Rockford, IL).

Statistical analysis. The treatment effect on the expression of
cytokines and surface cell markers was analyzed using a mixed
effects model with a random intercept and robust standard er-
rors. For all cytokines, the primary analysis compared each post-
treatment measurement to the pretreatment measurement so
that the timing of the treatment effect could be estimated. Dif-
ferences in mRNA expression were tested with an extension of
the Wilcoxon test that allows both paired and unpaired measure-
ments.9 To compare IFN-� secretion and proliferation of cul-
tured T cells, the median expression level of triplicates
stimulated using natalizumab and control was selected and com-
pared using a Wilcoxon signed rank test. A two-tailed p value of
� 0.05 was considered significant. Given the exploratory nature
of this study, no corrections for multiple comparisons were com-
pleted. The data analysis for this article was generated using SAS
software, version 9.1, of the SAS System for Windows (SAS In-
stitute Inc., Cary, NC) and the statistical package R (R Develop-
ment Core Team, R Foundation for Statistical Computing,
Vienna, Austria; http://www.R-project.org).

RESULTS Effects of natalizumab on T-cell pheno-
type. Using a mixed effects model comparing pretreat-
ment to on-treatment phenotype, we observed an
increased percentage of CD4� T cells expressing
CD25, HLA-DR, and CCR6 during natalizumab

Figure 2 Intracellular staining for interferon-�, tumor necrosis factor, and
interleukin-17 on CD4� T cells

Figure shows representative plots from the same individual before (baseline) and after 12
months of natalizumab treatment.
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treatment (figure 1, table e-2). The percentage of
CCR6�CD4� cells was increased after 1 month of
treatment (p � 0.02) and remained elevated at month
12 (p � 0.003). The percentage of HLA-DR�CD4�

was transiently increased at 1 month (p � 0.04), while
the percentage of CD25�CD4� was increased only at
the 12-month visit (p � 0.01). Increased expression of
CD25 was present on both naı̈ve CD62Lhi and mem-
ory CD62Llow CD4 cell subsets (table e-2).

Among CD8� T cells, natalizumab treatment in-
creased the percentage of cells expressing CD58 and
CCR5 (figure 1, table e-2). The percentage of
CD58�CD8� cells was increased after 1 month
(p � 0.008) and remained elevated at month 12 (p �
0.01). CCR5�CD8� was not significantly increased
after 1 month of treatment, but was elevated at
month 12 (p � 0.0004). The effects of natalizumab
on CCR5� cells were primarily observed on

CD45RA�CD27� and CD45RA�CD27� memory
CD8� T cells (table e-2). The only surface marker
for which the frequency was decreased during natali-
zumab treatment was CXCR3�CD8� (p � 0.04 at
1 month, p � 0.00004 at 12 months). The decrease
in CXCR3 frequency affected CD45RAhiCD27�

and CD45RA�CD27�, but not CD45RA�CD27�

CD8� T cells (table e-2).

Natalizumab treatment results in an increased fre-
quency of cytokine-producing CD4� and CD8� T

cells. Next, we examined the effect of natalizumab
treatment on the frequency of cytokine-producing T
cells after in vitro stimulation with anti-CD3 and
-CD28. The percentage of CD4� T cells producing
IFN-�, TNF, and IL-17 was increased twofold to
threefold at 6 and 12 months compared to pretreat-
ment levels (figure 2, table 1 ). In addition, the per-

Table 1 Percentages of CD4� and CD8� T cells expressing the different cytokines under study during
natalizumab treatment

CD4 CD8

Baseline 1 mo 3 mo 6 mo 12 mo Baseline 1 mo 3 mo 6 mo 12 mo

TNF

Mean � SEM 1.9 � 0.4 3.0 � 0.4 3.1 � 0.5 3.6 � 0.6 4.0 � 0.8 1.6 � 0.3 1.6 � 0.3 2.8 � 0.6 3.2 � 1.1 2.8 � 0.6

n 18 17 18 11 11 14 17 16 10 10

p 0.14 0.12 0.02 0.03 0.96 0.08 0.16 0.11

IFN-�

Mean � SEM 1.0 � 0.2 1.4 � 0.2 1.3 � 0.2 2.8 � 0.6 1.8 � 0.3 1.6 � 0.5 1.9 � 0.4 2.0 � 0.3 2.8 � 0.5 2.6 � 0.5

n 18 17 17 13 10 14 17 15 10 9

p 0.24 0.21 0.004 0.04 0.57 0.51 0.08 0.15

IL-2

Mean � SEM 1.1 � 0.2 1.7 � 0.3 1.4 � 0.2 2.1 � 0.3 1.8 � 0.6 0.5 � 0.1 0.9 � 0.2 1.4 � 0.3 1.1 � 0.3 1.0 � 0.2

n 18 17 18 11 11 14 17 16 9 10

p 0.10 0.24 0.008 0.24 0.02 0.005 0.03 0.03

IL-6

Mean � SEM 0.5 � 0.1 0.8 � 0.1 0.9 � 0.2 0.9 � 0.2 1.0 � 0.3 0.9 � 0.1 1.1 � 0.2 1.2 � 0.2 0.9 � 0.3 1.2 � 0.3

n 13 17 18 12 10 12 17 16 9 10

p 0.10 0.06 0.08 0.07 0.31 0.15 0.73 0.22

IL-17

Mean � SEM 0.4 � 0.1 0.6 � 0.2 0.8 � 0.2 0.9 � 0.2 1.6 � 0.4 0.3 � 0.1 0.5 � 0.2 1.2 � 0.4 0.9 � 0.2 1.4 � 0.5

n 9 10 16 11 11 10 11 14 10 10

p 0.29 0.05 0.01 0.007 0.22 0.03 0.005 0.04

IL-23

Mean � SEM 1.5 � 0.4 1.4 � 0.3 3.1 � 1.4 1.9 � 0.7 1.7 � 0.3 2.4 � 0.7 1.3 � 0.4 4.0 � 1.8 3.1 � 2.1 1.9 � 0.4

n 10 11 16 12 11 11 12 14 10 10

p 0.90 0.28 0.62 0.59 0.21 0.45 0.74 0.53

Cells were treated with plate-bound anti-CD3 and anti-CD28 (both at 1 �g/mL) for 16 hours in the presence of monensin
and cytokine expression was determined using flow cytometry. IL-6, IL-17, and IL-23 were not included in the original
staining panel, resulting in a smaller sample size. p Values were calculated using a mixed effects model with a random
intercept and robust standard error comparing each timepoint with baseline.
TNF � tumor necrosis factor; IFN � interferon; IL � interleukin.
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centage of IL-2-producing cells was transiently
increased at 6 months.

The frequency of IL-2-expressing CD8� T cells
increased after 1 month of natalizumab treatment
(table 1) and remained high throughout the
follow-up (6 and 12 months). Natalizumab treat-
ment also resulted in increased percentage of IL-
17�CD8� T cells after 6 and 12 months of
treatment.

Effects of natalizumab on cytokine mRNA expression
on purified CD4� cells. To verify some of the find-
ings obtained by flow cytometry, we purified CD4�

T cells from frozen PBMCs, which were available
from a subset of patients at baseline, 1 month, and
12 months, and used quantitative rt-PCR to analyze
mRNA expression of cytokines and transcription fac-
tors associated with a Th1, Th2, or Th17 phenotype.
Consistent with the increases in protein levels, treat-
ment with natalizumab resulted in increased expres-
sion of IFN-� and CCR6 mRNA (table 2). IFN-�
mRNA expression increased early after initiation of
natalizumab treatment (1 month) and persisted at 12
months, while increased CCR6 mRNA expression
was detected only after 1 month of treatment. In ad-
dition, we observed decreased mRNA expression of
IL-23 and the three transcription factors IRF-1 (re-
lated to Th1 cells), GATA3, and STAT6 (both re-
lated to Th2 cells) after 1 month of natalizumab
treatment.

In vitro exposure to natalizumab does not increase
proliferation or IFN-� secretion of cultured CD4� T
cells. To address whether the observed increase in
IFN-�-producing cells during natalizumab treat-
ment was through direct effects of natalizumab on T
cells, we stimulated purified CD4� T cells with anti-
CD3 in the presence of physiologic concentrations of
natalizumab. This analysis did not support the hy-
pothesis that natalizumab induces T-cell prolifera-
tion. Natalizumab at 15 �g/mL (corresponding to
steady-state trough concentration10) and 100 �g/mL
(corresponding to maximum serum concentration)
reduced thymidine incorporation by 2/3 (p � 0.016
for both comparisons; figure 3A). Natalizumab also
caused a dose-dependent reduction in IFN-� levels
with maximum suppression at 15 �g/mL (p � 0.023
for both concentrations; figure 3B).

We used a CFSE dilution assay to rule out that
the observed reduction in proliferation and IFN-�
secretion was due to increased cell death. This
showed that 3.6 � 3.0% (mean � SD) of CD4� T
cells had divided in cultures treated with 15 �g/mL
of natalizumab compared to 14.5 � 11.3% in con-
trol cultures (p � 0.008; figure 3, C and D). Treat-
ment with 100 �g/mL of natalizumab reduced the
frequency of dividing cells from 14.1 � 11.5% to

Table 2 Effects of natalizumab treatment on mRNA expression of cytokines
and transcription factors in purified CD4� T cells

Baseline 1 mo 12 mo

IFN-�

Mean � SEM 11.6 � 2.0 74.3 � 18.7 28.1 � 10.1

n 15 11 8

p �0.0001 0.0015

TNF

Mean � SEM 109 � 18 95 � 12 104 � 38

n 16 11 9

p 0.70 0.34

IL-17

Mean � SEM 0.21 � 0.16 0.04 � 0.04 0.27 � 0.11

n 15 11 8

p 0.042 0.12

IL-23

Mean � SEM 88.0 � 20.8 26.8 � 4.9 ND

n 9 9

p �0.0001

TGF-�

Mean � SEM 2,480 � 431 1,883 � 258 2,831 � 530

n 15 8 8

p 0.54 0.60

IL-10

Mean � SEM 11.4 � 4.5 5.5 � 2.4 6.0 � 1.1

n 15 11 8

p 0.64 0.11

CCR6

Mean � SEM 6.0 � 1.0 15.5 � 1.6 10.1 � 3.2

n 15 11 8

p �0.0001 0.40

T-bet

Mean � SEM 270 � 51 185 � 60 279 � 84

n 15 9 9

p 0.15 0.76

IRF-1

Mean � SEM 2977 � 403 1158 � 217 ND

n 7 6

p �0.0001

RORgt

Mean � SEM 89.3 � 18.6 60.7 � 22.3 120.4 � 50.0

n 15 9 9

p 0.13 0.70

GATA3

Mean � SEM 3,292 � 580 1,291 � 580 3,745 � 1,239

n 16 9 8

p 0.0007 0.55

—Continued
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6.2 � 5.6% (p � 0.008). The reduction in prolifera-
tion was associated with a slight increase in AICD in
cultures treated with 15 �g/mL of natalizumab (24.0 �
10.1% compared to 14.9 � 11.2% in controls, p �
0.02; figure 3, E and F), but not in cultures treated with
100 �g/mL of natalizumab (20.5 � 7.2% compared to
13.7 � 8.3%; p � 0.15).

DISCUSSION In this study, we observed that patients
treated with natalizumab had increased percentage of
activated CD4� and CD8� T cells expressing proin-
flammatory cytokines in peripheral blood. This finding
could be explained by either inhibited leukocyte extrav-
asation,11 resulting in sequestration of T cells in the pe-
ripheral circulation, or by natalizumab-induced T-cell
activation through direct or indirect pathways. Ligation
of VLA-4 is known to provide costimulatory signals to
T cells in vitro5,12 and it is possible that natalizumab
treatment could lead to T-cell activation. However, we
could not find any evidence for increased proliferation
or enhanced IFN-� secretion when treating CD4� T
cells from healthy donors with natalizumab at concen-
trations corresponding to serum levels observed in
treated patients. This lack of costimulatory effects of
natalizumab is consistent with a recent study using im-
mature or mature allogeneic DC to stimulate CD4� T
cells in vitro.13 In contrast to other anti-VLA-4 mAbs,
natalizumab was not designed to have biologic effects
upon binding, but to physically interfere with VLA-4
interactions with the endothelium,10 which may explain
the lack of costimulatory activity observed. In addition,
natalizumab may indirectly cause T-cell activation
through reactivation of latent viral infections, either by
reduced immune surveillance of the CNS or by mobili-
zation of virus-infected cells from the bone marrow, as
evidenced by the occurrence of progressive multif-
ocal leukoencephalopathy in a small number of
natalizumab-treated patients.14,15 It is possible that
natalizumab-treated patients have a higher incidence of
low-grade subclinical infections associated with pro-
longed T-cell activation and high numbers of activated
T cells expressing proinflammatory cytokines in periph-

eral blood in spite of normal infection rates. Another
explanation to our findings is that CD4� T cells are
sequestered in the peripheral circulation. While there
are no major changes in total leukocyte counts in pa-
tients receiving natalizumab,11,16 it is clear that integrin
�4 is differentially expressed on various leukocyte sub-
sets, suggesting that natalizumab may preferentially af-
fect trafficking of certain cell types to the CNS.12,13,17 It
would have been interesting to study expression of inte-
grin �4 on the different T-cell subsets in our study, but
instrument setup was not optimized to accurately reflect
changes in fluorescence intensity over the long period of
the follow-up.

Interestingly, all T-cell subsets that were increased
during natalizumab treatment have been associated
with activated cells exerting predominantly proin-
flammatory effects. Very few resting T cells express
CD25, the �-chain of the IL-2 receptor complex, but
its expression is quickly upregulated upon activation
through the T-cell receptor complex.18 We did not
observe increased frequencies of CD25hiCD4� cells,
which in contrast to CD25intCD4� cells have a reg-
ulatory function,19 consistent with recent findings
demonstrating that Foxp3� T regulatory cells were
unaffected by natalizumab treatment.13 CD58,
found increased during natalizumab treatment, is a
costimulatory molecule, which mediates cell adhe-
sion by binding to CD2, resulting in enhanced
antigen-specific T-cell activation.20 Single nucleotide
polymorphisms in the genes encoding CD25 and
CD58 have been linked to MS in a genome-wide
association study.21

It is believed that activated antigen-specific T cells
produce proinflammatory cytokines, including
IFN-� and TNF, upon reactivation in the CNS,
leading to activation of resident cells such as micro-
glia and astrocytes.22 Much interest has recently been
focused on IL-17, a cytokine with profound proin-
flammatory effects, which induces tissue damage
during the course of various autoimmune diseases.23

Increased expression of IL-17 has been detected in
blood and CSF from patients with active MS and
IL-17 mRNA was also present in MS lesions.24-26

Here we report increased frequency of IL-17� T cells
during natalizumab treatment in both CD4� and
CD8� subsets. CCR6 is a chemokine receptor ex-
pressed by memory T cells capable of high IL-17 pro-
duction,27,28 and we observed an increase in CCR6�

cells in this study. Another interesting subpopulation
that was increased during treatment was the CCR5�

population. Circulating CCR5� T cells isolated
from patients with MS are characterized by high ex-
pression of IFN-� and CCR5� leukocytes were iden-
tified in inflammatory MS lesions.29,30 A role for
CCR5 in T-cell recruitment to the CNS was sug-

Table 2 Continued

Baseline 1 mo 12 mo

STAT6

Mean � SEM 1,686 � 230 239 � 66 ND

n 8 9

p �0.0001

Unstimulated CD4�T cells were isolated using FACS and mRNA expression was detected
using quantitative rt-PCR. p Values were calculated using an extension of the Wilcoxon test
that allows both paired and unpaired measurements and refer to the comparison of each
time point with baseline. Results are shown as expression relative to GAPDH.
IFN � interferon; TNF � tumor necrosis factor; IL � interleukin; TGF � transforming growth factor.
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gested by the observation that individuals carrying
the nonfunctional CCR5 �32 mutation display in-
creased susceptibility to West Nile virus encephalitis,
due to failure of leukocyte trafficking to the CNS.31

The observed decrease in CXCR3�CD8� fre-
quency during natalizumab treatment is more in-

triguing. CXCR3 is preferentially expressed by Th1
cells expressing high levels of IFN-�27 and virtually
all T cells within perivascular MS lesions are CXCR3
positive.30 Furthermore, CXCR3 expression on
CD8� T cells correlated with measures of MS dis-
ease activity on MRI.32 Although CXCR3 initially

Figure 3 In vitro effects of natalizumab on proliferation and interferon-� secretion of purified CD4� T cells

(A, B) CD4� T cells were isolated from peripheral blood mononuclear cells from healthy donors and stimulated with plate-
bound anti-CD3 (1 �g/mL) in the presence of physiologic concentrations of natalizumab or isotype matched control anti-
body for 72 hours. The figure shows percent reduction (mean � SD) in [3H]-thymidine incorporation (A) and interferon-�
secretion (B) in cultures with natalizumab compared to control antibody. (C–F) CD4� T cells were labeled with 5 �M CFSE,
stimulated with anti-CD3 for 5 days, and stained with CD4 and 7-AAD to measure proliferation and activation-induced
cell-death (AICD). The figure shows percent CD4� cells with at least one cell division in cultures treated with 15 �g/mL
natalizumab (C) or control immunoglobulin (D). AICD was calculated as percent dead cells stained with 7-AAD in the popula-
tion of dividing cells (as gated in C and D) in cultures treated with 15 �g/mL natalizumab (E) or control immunoglobulin G (F).
The figure shows one representative donor of 10.
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was believed to be important for T-cell recruitment
to the CNS, more recent data suggest that CXCR3-
deficient T cells are capable of entering the brain and
that CXCR3 may modulate effector functions of T
cells, including IFN-� production, rather than di-
recting migration.33

We did not find any evidence for increased ex-
pression of Th2-related cytokines. On the contrary,
mRNA expression of GATA3 and STAT6, two tran-
scription factors related to Th2 cytokine expres-
sion,34,35 was decreased during natalizumab
treatment. This is likely to reflect a predominance of
Th1 cells and an increased Th1/Th2 ratio in blood,
rather than increased migration of Th2 cells into the
CNS during natalizumab treatment.

The aim of this study was to analyze the effects of
natalizumab on a panel of markers reflecting various
immunologic functions to detect if any of the mark-
ers were affected. Given the exploratory nature of this
study, we elected not to perform any corrections for
multiple comparisons. Although we cannot exclude
that some of the observed findings are caused by
chance, the consistent increase in frequencies of acti-
vated T cells supports a biologic significance of the
findings.

The increased frequency of activated T cells in the
periphery during natalizumab treatment raises con-
cerns about rebound disease activity once treatment
is discontinued. Exacerbated disease activity upon
cessation of treatment was observed in mice treated
with the small-molecule VLA-4 antagonist BIO
5192.7 Interestingly, treated mice had increased
antigen-specific proliferative T-cell responses in
spleen and lymph nodes, while delayed-type hyper-
sensitivity responses, an in vivo measure of Th1 traf-
ficking, were significantly decreased. Upon
cessation of treatment, enhanced disease was
caused by the release of encephalitogenic cells
from the periphery leading to rapid accumulation
of T cells in the CNS. In patients with MS, two
smaller studies have shown increased relapse rates
or numbers of active T2 lesions post natalizumab
withdrawal.16,36 In contrast, other studies have not
found evidence of rebound disease activity after
termination of treatment37-39 or in patients no
longer responding to natalizumab treatment due
to development of neutralizing antibodies.40 The
reasons for these discrepancies are unclear, but
might be related to length of follow-up and differ-
ences in treatment after natalizumab termination.
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